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Abstract

This research work studies the different strength contributions of a sheet-shaped heterogeneous austenitic stainless steel, after
having been processed at room temperature by one ECASE pass. A significant hardness increase was found throughout its
thickness, showing higher values near the edges while the middle area presents the smallest gains. The material heterogeneity
gives rise to a plastic gradient deformation between the soft and hard areas of the microstructure. As a consequence, a more
significant amount of geometrically necessary dislocations concentrates on the interfaces of these areas, which helps the material
to maintain a reliable strength-ductility ratio. After the dislocations contribution to the material strength, the second contribution
comes from the back stress mechanism, followed by grain size contributions. All types of contributions were higher in the edge
neighborhoods than in the middle zone. Unlike the contributions from dislocations and grain size that decrease as they approach
the interfaces between the hard and soft areas, the back stress contribution does the opposite, showing high increments in these

Zones.

Keywords Phase transformation - Dislocations - Grain size - Hardness - Strength - Back stress

1 Introduction

The constant worldwide demand for materials with better me-
chanical characteristics that allow building parts and structural
elements more efficiently and with a favorable cost-benefit
ratio has led the scientific community to seek and develop
new materials and processes. Within the new type of mate-
rials, materials with heterogeneous structures have begun to
attract attention during the last 5 years [1, 2]. This type of
materials has demonstrated an acceptable mixture of strength
and ductility by combining different microstructural
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characteristics such as abnormal grain size distributions, var-
ied densities of dislocations, and different proportions of
phases on the geometry of the piece among other features
[3-6].

The excellent combination of strength and ductility pre-
sented by the heterogeneous materials can be explained by a
process in which the deformation follows a complex behavior,
especially at the interfaces between soft and hard areas, where
geometrically necessary dislocations (GNDs) play an essential
role by stacking and accumulating themselves around the in-
terfaces creating a plastic deformation gradient [7, 8]. This
behavior results in additional material hardening due to the
deformation partition. Thus, first generated dislocations from
the soft areas can stack in the interfaces of the hard zones.
Because the soft areas deform plastically while the hard ones
still do so elastically, avoiding the free sliding of dislocations.
According to Li et al. [9], this mechanism known as back
stress can even reach 600 MPa in some heterogeneous
lamella-like structures.

Several authors have shown how heterogeneous structures
are obtained through severe plastic deformation techniques
such as equal channel angular pressing (ECAP) [10] and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-020-05630-1&domain=pdf
mailto:munoz@ifir-conicet.gov.ar

608

Int J Adv Manuf Technol (2020) 109:607-617

high-pressure torsion (HPT) [11]. Although, perhaps the most
widely used techniques for obtaining heterogeneous structures
have been those that only affect the material’s surface
[12—16]. Techniques such as shoot penning [13—15] and se-
vere impact [17] have shown to be useful in modifying mainly
the material surface, trying to preserve its core without defor-
mation, thus having a sandwich structure with a soft core
surrounded by two hard layers.

Similarly, severe plastic deformation techniques such as
ECAP can be adapted to produce heterogeneous structures
like the sandwich type. To achieve this goal is necessary to
control the deformation of the process between each ECAP
pass by equivalent deformations of lower intensity (i.e., higher
internal ECAP die angles) and thus be able to make evident
the localized shearing effect that mainly affects the sheet metal
edges as previous studies demonstrate it [18]. So far, there
have been very few studies of the ECASE feasibility in the
processing of metallic materials with a flat geometry, because
most of them focus on obtaining ultra-fine grain structures.
For that reason, their final goal is just introducing large defor-
mations [19-21].

Austenitic stainless steels (ASSs) present attractive charac-
teristics due to their deformation mechanisms depending on
their stacking fault energy (SFE). These materials are well
known for their excellent mechanical properties as well as
corrosion resistance, among other properties [22, 23]. In this
way, one of the most important characteristics that allow
showing the material heterogeneity induced through the
ECASE process is the phase change induced by deformation,
when changing from metastable austenite fcc to martensite
bee. This mechanism is favored when the material has a low
SFE and is deformed at room temperature or lower tempera-
tures because the metastability of these steels increases as their
SFE decreases. Mainly, austenitic stainless steels of the 304L
series are one of the most sensitive materials to this phase
change [24].

There are also other types of mechanisms that contribute to
the metallic materials hardening and that influence the me-
chanical properties of the steel considered in this study; such
contributions come from the solid solution, grain size, dislo-
cations, and as a new mechanism the back stress. The first
three have been extensively studied while the last one is still
under study. Hence, to better understand the mechanical be-
havior of heterogeneous materials, it is necessary to under-
stand the evolution of each of the hardening mechanisms
within the heterogeneous structure. However, although sever-
al studies have been carried out lately regarding the strength
evolution of heterogeneous structure materials [9, 11, 25, 26],
few studies show the evolution of each of these mechanisms
on the interfaces that make up this type of structures.

Therefore, the main objective of this study is to quantify
each of the strength contributions for a heterogeneous austen-
itic stainless steel processed at room temperature by ECASE.

@ Springer

For which, the microstructural evolution and mechanical
properties across the sheet thickness will be studied by elec-
tron back scattering diffraction (EBSD), hardness, and uniax-
ial tensile tests. In this way, changes in grain size, percentage
of phases, and dislocation densities will be obtained as a func-
tion of sheet thickness, allowing to know each of the harden-
ing components at each point of the sheet thickness and for
each phase.

2 Experimental procedure

The steel received in the form of sheet 20 mm wide, 5 mm
thick, and 120 mm long was water quenched after being main-
tained for 2 h at a temperature of 850 °C. The steel composi-
tion in weight percentage was 0.03C, 17.5Cr, 2Mn, 8Ni,
0.045P, 181, 0.03S, and Fe as balance. According to this com-
position and the equation proposed by Schramm et al. [27],
the SFE would be ~ 15.25 mJ/m?, which is considered a low
SFE where martensitic transformation is the preferred defor-
mation mechanism [28, 29]. Subsequently, the material was
deformed by ECASE using a die with an internal angle of
150° (see Fig. 1), which confers the material a real strain of
0.31 according to the equation of Iwahashi et al. [30].

Digital image correlation (DIC) was employed to obtain
deformation map measurements on tensile specimens. With
this technique, a speckle pattern is painted on the gauge length
of the samples to be tested and then the deformation is deter-
mined through the relative change in the shape and position of
the different random spot patterns.

Mechanical characterization was carried out by tensile tests
and hardness measurements. A load of 0.98 N with a dwell
period of 15 s was used for the Vickers hardness. Bone-shaped
tensile samples (gauge dimension of 12 mm x 3.9 mm x
4.4 mm and 12 mm x 3.9 mm x 1 mm for samples around
the edge and middle zones) were cut through the sheet thick-
ness and tested at a constant strain rate of 1.1 x 10> s\,

A scanning electron microscope (SEM) coupled with an
electron backscatter diffraction (EBSD) detector operating at

Fig. 1 ECASE process sketch
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21 kV was used to characterize the microstructure.
Microstructure heterogeneity displayed through 3 scans
(1 um and 0.05 pum step sizes) across the sheet thickness
(4400 um after 1 ECASE pass), two near the edges (0—
600 um and 3800—4400 um for the left and right edges zones,
respectively), and one in the sheet core (1900-2500 pm) on
the transversal direction (TD) plane. Grain mean orientations
set as reference orientations and a half quadratic minimization
filter with a threshold of 1.5° were used to denoise the data.

3 Results and discussion
3.1 Microstructure evolution

In order to show the generation of a heterogeneous structure
employing the ECASE process, it can be initially observed in
Fig. 2 the microstructural evolution for the deformed material
(Fig. 2a) and in its original state (Fig. 2b). Figure 2a shows
how the deformed material presents an evident microstructural

| bcc mmm fc

4 <

change in the edge vicinities through a higher formation of
martensite induced by deformation than in the sheet core.
Additionally, Fig. 2 ¢ indicates the percentage of phase vari-
ation on the sheet thickness, showing a more significant frac-
tion of the bee phase at the edges of the sheet than the center
zone. Meanwhile, the initial material (Fig. 2b) keeps the per-
centage of phases constant throughout the thickness.

Other microstructural characteristics such as grain size and
the misorientation evolution also manifest a heterogeneous
behavior. Figure 3 a and b highlight a bimodal behavior for
the grain size where the areas near the edges register two
characteristic peaks revealing zones with smaller grain sizes
around the edges (< 20 wm) and zones with sizes larger than
40 pum located at 300-pum distance from the edges.

Therefore, kernel average misorientation (KAM) measure-
ments reveal a misorientation gradient over the piece thick-
ness. Figure 3 ¢ and d represent KAM maps as well as their
variation on the thickness of the piece, respectively. Figure 3 d
demonstrates that the highest KAM values extend to a length
of ~ 600 um on each side of the sheet. This behavior
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Fig. 2 Microstructure characterization. EBSD phase maps (a) after | ECASE pass, (b) initial material, and (c) bec phase variation along the sheet

thickness
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Fig. 3 EBSD calculations for the heterogeneous material. (a) Grain size maps, (b) average grain size along the sheet thickness, (c) KAM maps, and (d)

KAM values along the sheet thickness

demonstrates that the ECASE process generates a microstruc-
tural gradient starting with the region dominated by the phase
transformation from austenite to martensite with a smaller
grain size and high misorientations followed by a less de-
formed region between 300 and 600 um where misorienta-
tions are still high, and ends with a region where the initial
phases remain unchanged as Fig. 4 describes it. These obser-
vations confirm the formation of a structure formed by a soft
region which is surrounded by two hard regions.

3.2 Mechanical properties
Figure 5 represents the hardness evolution, as well as
the tensile behavior of the heterogeneous material.

Figure 5 a indicates that the hardness over the sheet
thickness for the initial material remains relatively

@ Springer

constant. In contrast, after one ECASE pass, the mate-
rial shows a U-shaped hardness evolution with the
highest values around the edge neighborhoods—
allowing to appreciate that the most significant varia-
tions locate around 1 mm on each side of the sheet.

Figure 5 b shows the tensile curves for the heteroge-
neous material in different areas of the sheet. This fig-
ure shows how the curve corresponding to the area near
the edge (1P Edge) possesses high strength and low
ductility while the curve corresponding to the middle
zone (1P Middle) presents not only the highest ductility
but also the lowest strength, confirming the existence of
a plastic gradient.

It is worth mentioning that the final strength-
deformation combination (i.e., 650 MPa yield stress
and 31% uniform deformation) stands out to those of
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Fig. 4 Microstructure zones along the sheet thickness

other heterogeneous ASSs obtained by various and more
exhaustive processing methods. E.g., Zheng et al. [31]
reported 725 MPa and 35% uniform deformation after
combining ECAP + annealing, while Park et al. [32]
found 450 MPa and 38% uniform deformation in a har-
monic structure.
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3.3 Strengthening mechanisms of the heterogeneous
material

To study the mechanical response of the heterogeneous mate-
rial, the different zones that make up the material are analyzed
using a Hall-Petch type equation, as shown below:
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Fig. 5 Mechanical properties. (a) Hardness values on the TD plane, (b) stress-strain curves for the heterogeneous material, and (c) dislocation density

evolution
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Fig. 6 Microstructure
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where the first term takes into account Peierls’s stress and the
solid solution hardening, the second term refers to the grain
size contribution, and the third considers the dislocations con-
tribution. For metallic materials like steels, Eq. (1) can also be
expressed in terms of hardness, as indicated in Eq. (2):

Hy:H()-I-HD-i-Hp (2)

where H,,=0,/C, Hy=0¢/C, H,=0,/C, with C as a constant.
Therefore, considering the phase percentages variations, and
the grain size evolution across the sheet thickness, strength
contributions of each phase and zone can be estimated as an
average of the sum over the material thickness. Consequently,
the strength equations for Peierls and grain size are as follows:

1

00 = — T2 [Xi-00-tee + (17X0)-00 1] G)
1 ) :

o> = T8 Ko D)+ (o) Ko D] (@)

with x; is the martensite fraction at a distance i measured from
the sheet edge in the EBSD map and » represents the number

Table 1 Material constant values used to calculate the strength
contributions
Parameter bee fee Reference
oo (MPa) 1222 180 [34, 35]
K (Mpam'?) 036 0.24 [34, 36]
« 0.3 [36]
M 3.05 [37]
b (m) V3a/2 V2a/2

with a as the lattice parameter
G (GPa) 77
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width) over a 600-um length of each EBSD scan (see Fig.
6). On the other hand, the constant C values are obtained
through the strength-hardness ratio for each zone according
to the yield stresses and the corresponding hardness values of
Fig. 5a. E.g., for the edge zone (from 0 to 600 pm), we con-
sider the yield stress (1P edge from Fig 5b) and the hardness
values around the edge. The same applies to the middle zone
but considering the correct yield stress (1P middle from Fig.
5b) and the properly distance values (1890-2500 pum). In this
way, by converting the hardness values in terms of stress, the
dislocation density evolution can be obtained using the equa-
tion proposed by Taylor [33]:

1 (Hy~Hyy, ?
Pi= 13.5( aGMb ) ®)

where Hy; and Hyy, represent the hardness values at different
distances (i) of the sheet thickness for both the deformed and
the initial state material, respectively. Then, using the hard-
ness evolutions presented in Fig. 5a together with their respec-
tive fitting curves, the parameters of Table 1 and Eq. (5), the
dislocation density evolution curve can be visualized as a
function of the sheet thickness, as Fig. 5c indicates.

Figure 7 a represents the evolution of the geometrically
necessary dislocation through the EBSD measurements [38],
taking into account the two phases. Figure 7 a also highlights
the no-homogeneous behavior of both GNDs and statistical
dislocations with high scattering over the plate thickness. At
first glance, Fig. 7 a indicates that the dislocation densities are
much higher in the edge neighborhoods than any other region
with values decreasing from 8 x 10'*m 2 to 3 x 10" m 2 as it
moves away from these areas. Beyond 600 pum, it reaches a
stable behavior in the middle area with densities between 1 x
10 and 3 x 10"* m™2. Concerning the GNDs, it can be dis-
tinguished that in the areas near the edge, the highest densities



Int J Adv Manuf Technol (2020) 109:607-617

613

o bcc-GNDs <« fcc-GNDs = Overall dislocations

(@ eqger Middle Edge 2

% 1

& ; £ "
§1014 L M
‘@

S

©

(]

9 1013

®

Q

<]

°

o

10" o 4

0.0 06 1.8

24 36
Distance i [mm]
0-0.6 mm 1.9-2.5mm  3.8-4.4mm

( ) o og o Grainsize x Dislocations
400 Edge 1 Middle Edge 2

w

o

o
L

Strength contributions [MPa]
> S
S

)
@
s
0 —// T 1
0.0 0.61.8 24 3.6 4.2
Distance i [mm]
0-0.6 mm '1.9-2.5mm 3.8-4.4 mm

Fig. 7 Microstructure and hardening contributions. (a) Dislocation densities along the sheet thickness and (b) strength contributions across the material

thickness

correspond to the martensite phase; however, when moving
away 300 um from this area, the austenite GNDs take on
greater prominence and begin to grow until reaching values
between 1 x 10" and 4 x 10'3 m_z, similar to the martensite at
the edges. In addition to the discussion above, in the central
zone, the GND values follow a more homogeneous distribu-
tion without significant variations on the sheet length,

1013 1014

1012

Fig. 8 GND maps around the (a) edge and (b) in the middle zone

although with higher magnitudes for austenite (3 x 10'?
m %) than for martensite (4.5 x 10'> m?) that corroborates
the lower degree of deformation in this area compared with the
edge zones.

By knowing the magnitude of the dislocation densities, the
different material strength contributions are obtained at each
point of the sheet thickness. In this way, the equations that
describe the strength evolution in each of the zones are as
follow:

00i = [ Xi-00-bce + (17X,) - O01cc] (6)
_1 _
- [Xi.Kbcc.Diz + (1-x,) Kpee D, 1/2} (7)
1 Hy—Hyyg
= aGMb.y | ——. [ V2V 8
o = aGMbA\I 135 ( aGMb ) ®

where the sub-index 7 refers to the strength value at any point
of the sheet thickness. Thus, using Eqs. (6) to (8) and the
values in Table 1, an evolution of each of the strength com-
ponents is obtained. From Fig. 7b, it is verified that the most
significant strength contributions come from the areas near the
edges, forming a decreasing gradient as it moves away from
the edge. Besides, dislocations appear as the most significant
contribution in the three zones.

Figure 8 shows the GND maps are near the edge and in the
middle zone. Figure 8 a corroborates the larger presence of the
martensite phase around the edge with higher dislocation den-
sities than in the middle area of the sheet. On the other hand,
Fig. 8 b demonstrates that the middle zone is dominated by the
more significant presence of austenite, demonstrating a GND
arrangement different from that of the edge zone. GND pile-
ups around the martensite islands can be seen in Fig. 8b, as
indicated by the black arrows. This behavior also clarifies the
existence of heterogeneity in the middle zone due to the

@ Springer
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component localization

interaction between the austenite and martensite phases.
These two phases have different microstructural character-
istics, e.g., marked differences in their grain sizes, which
results in tougher (martensite) and more ductile areas (aus-
tenite). Several authors [2, 9] have explained that in the
heterogeneous materials, the GNDs piled up in the soft
zone generates a stress on the hard zone depending on
the number of aligned dislocations giving rise to a new
hardening mechanism. Therefore, Fig. 7a and Fig. 8b allow
seeing that the material has a double heterogeneity. First,
the heterogeneity induced by the ECASE process modifies
the areas near the edges, and secondly, is the heterogeneity
due to the manufacturing process that resulted in a distri-
bution of martensite islands along with austenite grains as
demonstrated by the initial material microstructure.

@ Springer

In addition to the different contributions mentioned above,
the interactions which take place at the interfaces between
hard and soft areas as a consequence of the strain partition
give rise to a new hardening component known as back stress.
Several researchers suggest that a good approximation of this
contribution is obtained through a loading-unloading loop, as
shown in Fig. 8a, and then using the following equation to
calculate its magnitude [3, 4, 32]:

op = (0u+0,)/2 (9)

where 0, and o, correspond to the unload and load yield
stresses in each cycle, respectively. Figure 8 a shows the back
stress evolution, where it is appreciated that this contribution
represents about 35% of the material yield stress. Taking into
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account this contribution to the overall material strength, the
new equation describing the yield stress is [9]:

0y = 001 + K.D;'2 + aGMb/py; + poy + O

Through Eq. (10), Fig. 8 b displays the back stress contri-
bution and its evolution across the sheet thickness. This figure
shows that the areas around the edges register the biggest
contributions with higher values at the interfaces between
the hard and soft areas than in the edges or middle regions,
and it keeps good correlation with values obtained by the
loading and unloading loop. The high back stress values in
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Fig. 11 Strength contributions for each zone of the heterogeneous
material

the edge vicinities correspond well with the high GND density
in these areas, especially at the interfaces located around 600
microns from each edge. This observation is in good agree-
ment with the research work of Park et al. [32] who also
registered higher GND concentrations in the interfaces defin-
ing the material heterogeneity for a heterogeneous 304L aus-
tenitic steel with harmonic structure.

As a consequence of the material heterogeneity, Fig. 8 ¢
demonstrates the strain partition, where initially, the maxi-
mum deformations in the &,, component situate around the
edge vicinities for tensile deformations lower than 20%.
Beyond this point, higher deformations move towards the
middle area until its final fracture at 45% of deformation.
This situation demonstrates that the areas near the edge
(hard-soft interface) withstand the highest deformations as a
result of the interaction of geometrically necessary disloca-
tions until they reach a balance between the two zones. Once
the GND differences between the two zones are reduced, the
deformation process continues like a homogeneous material.

To confirm the ease with which a material can flow, Fig. 9
shows the Schmid factor evolution in the area that encom-
passes the zone near the edge and the interface between the
hard and soft regions. Therefore, the higher the Schmid factor,
the easier the deformation will be. Through Fig. 9a, b, it is
easy to identify that there are more grains of martensite with
Schmid factors of 0.5 than the austenite phase, which is con-
firmed by Fig. 9b showing a peak with an approximate fre-
quency of 35% for Schmid factors around 0.5, while austenite
only reaches a fraction of ~ 14%. Also, in the inset of Fig. 9b,
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it is shown that for the area near the edge (mostly bec mar-
tensite), the most active system corresponds to {123} (111)
followed by the systems {110} (111) and {112} ({111, ,
respectively. The high values of the Schmid factor in the ten-
sile direction for the edge zone corroborate the observations of
the deformation measurements, where material flows more
easily in the edge vicinity than in the middle zone (Fig. 10).

Finally, Fig. 11 summarizes the different strength contribu-
tions of the heterogeneous material in each of the areas that
comprise it. The main strength contribution around the edges
is the back stress, with more than 35% and the dislocations
with around 30% of'the overall edge contribution. Conversely,
the main contribution for the middle region is coming from the
Peierls mechanism representing ~ 33% of the strength follow-
ed closely by the back stress and dislocation contributions.
This behavior demonstrates that although the most significant
back stress contribution occurs in the border areas, there is
also a significant contribution in the middle zone. The fact
of the high back stress contribution in the middle zone is
due to the presence of two phases (martensite and austenite)
with different grain sizes and GND densities, generating a
second heterogeneity in the material.

4 Conclusions

After having subjected a sheet-shaped heterogeneous austen-
itic stainless steel to plastic deformation at room temperature,
the following conclusions summarize the main findings of this
work:

The ECASE process produced a material with a gradient
microstructure formed mainly by the heterogeneous distribu-
tion of phases, i.e., high amount of austenite in the nucleus,
and a more considerable amount of martensite induced by
deformation at the edge, different grain size distributions,
and quite different dislocation densities between edges and
the sheet core.

The high GND densities in the edge vicinities generated a
plastic gradient that allowed to obtain a material with a good
strength-ductility ratio, where the regions near the edge ini-
tially assumed larger strains than the sheet core as evidenced
by the Schmid factor and the strain maps.

The different strength contributions across the plate thick-
ness demonstrated higher values around the edge region than
in the middle zone. All of them, except the back stress, de-
crease as they moved away from the edges. While, in the
central area, all the contributions behave homogeneously.

The most significant strength contributions of the material
correspond with the regions near the edge, being the back
stress and dislocation contributions the most important. The
back stress mechanism also plays an essential role in the mid-
dle zone, being the second strength contribution after the

@ Springer

Peierls mechanism due to the second heterogeneity generated
between austenite and martensite before ECASE.
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